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Holographic bound on area of a compact binary merger remnant
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Using concomitantly the generalized second law of black hole thermodynamics and the holographic
Bekenstein entropy bound embellished by loop quantum gravity corrections to quantum black hole
entropy, we show that the boundary cross sectional area of the postmerger remnant formed from the
compact binary merger in gravitational wave detection experiments like GW150914 et seq., by the LIGO-
VIRGO collaboration, is bounded from below. This lower bound is more general than the bound obtained
from application of Hawking’s classical area theorem for black holes, since it does not depend on whether
the inspiralling compact binary pair or the postmerger remnant consists of black holes or other exotic
compact objects. The derivation of the bound entails an estimate of the entropy of the gravitational waves
emitted during the binary merger, which adapts to gravitational waves an extant formalism proposed
originally for particle ensembles. The results for the minimal cross sectional area of the merger remnant due
to binary compact mergers observed recently by the LIGO-VIRGO collaboration are discussed. While
accurate measurement of the mass of the remnant for the binary neutron star merger GW 170817 remains a
challenge, we provide a proof of principle that for binary neutron star mergers our lower bound on the cross
sectional area of the remnant provides an alternative approach to probe the validity of neutron star equations

of state, independent of the tidal deformabilities of the components.
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I. INTRODUCTION

Gravitational wave signals have so far been observed by
the LIGO and the LIGO-VIRGO collaborations, from
inspiralling coalescence of compact binaries [1-5], with
a recent report of a possible black hole-neutron star
merger [6,7]. A consensus view regarding the earliest
observation—GW150914—of gravitational wave radiation
is that it is a consequence of a coalescence of an inspiralling
black hole binary system, with the black holes being Kerr
black holes with their mass in the 30 M range, and Kerr
parameter in the 0.6-0.8 range. There is debate in the
literature that the inspiralling binary system as well as the
postmerger remnant may not consist of black holes, since
accretion disc observations of x-ray emission from binary
black hole systems with normal stars have never revealed
any stellar black hole as massive as the ones reported in
GW150914. Boson stars, gravastars, and wormholes have
been cited as possible alternatives, categorized collectively
as exotic compact objects [8,9]. If such compact gravitating
objects accrete material from stellar matter and interstellar
dust in their vicinity, then, as has been argued in Ref. [10]
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using Thorne’s hoop conjecture [11], such exotic compact
configurations become gravitationally unstable, collapsing
to a black hole. This conclusion apparently depends on
certain assumed details of the accretion process.

Now, for GW150914, it is not known if the inspiralling
binary system actually accretes at all, so that the gravita-
tional instability argument cited above, even if eminently
reasonable, may not apply immediately. Nevertheless, if we
do assume that the inspiralling system consists of binary
black holes, then their merger to a black hole is of course
subject to Hawking’s area theorem: the sum of the horizon
areas of the inspiralling black holes must be less than the
horizon area of the postmerger black hole remnant. The
prediction of the theorem has been shown [12,13] to be
borne out by the published data on GW150914. However,
this classical general relativistic law has been superceded
by Bekenstein’s generalized second law [14] for a universe
with black holes, namely that the entropy of the remnant
and that of the gravitational waves radiated by the inspir-
alling binary, must together exceed the sum of the entropies
of the two merging black holes. This law is not restricted to
classical general relativity, and is valid within any quantum
gravity framework which permits one to compute ab initio
the entropy of macroscopic black holes. The question that
comes to mind is this: does the generalized second law
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make a stronger statement on the horizon area of the
remnant than the assertion of Hawking’s theorem? The
answer is in the affirmative for a quantum gravity frame-
work like loop quantum gravity (LQG) [15], which indeed
permits an ab initio computation of the entropy of isolated
black holes [16—18]. Such a computation has been shown to
yield not only the Bekenstein-Hawking area law for black
hole entropy but also an entire slew of quantum geometry
corrections starting with a term logarithmic in the
Bekenstein-Hawking entropy [19-27] whose coefficient
has been argued to be of a “universal” nature [25]. Even
though this correction is small, its effect on the minimal
cross sectional area of the remnant is of interest in this case.

A somewhat more general situation ensues, if the
postmerger remnant of the inspiralling black hole pair is
not necessarily a black hole. If no assumption is made on
the precise astrophysical nature of the remnant, with simply
the information that it must be a compact astrophysical
object, then we demonstrate in this paper that a constraint
may still be derived on the cross sectional area of the
boundary of the remnant. This constraint follows from the
Bekenstein entropy bound [28] embellished or tightened by
quantum spacetime corrections alluded to above [29].
According to the original version of the bound, the entropy
of the compact remnant is bounded from above by the
entropy of a black hole whose horizon area is identical with
the boundary cross sectional area of the remnant. This
bound, in its turn, has been established by Bekenstein [28]
on the basis of arguments somewhat analogous to those
used by Thorne to establish the Hoop conjecture [11]. The
basic idea is that a black hole carries the maximum entropy
for all compact astrophysical objects of the same cross
sectional area. Any compact object that does not satisfy the
bound to begin with can adiabatically accrete material from
its environment without changing its area, so as to increase
its energy/mass to the point where its size starts to fall
below its Schwarzschild radius, causing the compact object
to be on the verge of gravitational collapse to a black hole.
The entropy at this point has also risen adiabatically to the
entropy of a black hole, being only a function of its horizon
area that is given by the cross sectional area of the compact
object. Thus, so long as a compact gravitational object has
the ability to accrete material from its environment, its
entropy is bounded from above by the entropy of a black
hole determined by the cross sectional area of the object.
This boundary area of the star prospectively turns into the
horizon area of the black hole, once collapse actually
occurs. The validity of the bound clearly does not need the
actual occurrence of accretion leading to gravitational
collapse to a black hole as a prerequisite. It is adequate
that there is a strong possibility of adiabatic accretion of
material of the compact star from its environment, without a
significant increase in its size.

Going beyond Bekenstein’s hypothesis of the entropy
bound, LQG corrections to black hole entropy, inherently

holographic in character, provide a tightening of the
entropy bound [29] for any merger remnant of binary
compact coalescence. Thus, even though the entropy bound
is hypothetical, albeit one that follows from very general
assumptions, its strengthening due to LQG has more solid
foundations, where the holographic aspect is embedded
within the formalism. The very fact that LQG corrections
lead to a stronger entropy bound, rather than invalidating or
weakening it, implies that this bound would very likely
result from the full-fledged quantum gravity theory, which
formally completes LQG in the future. Because, if the full
quantum gravity theory invalidates the entropy bound, then
it would most likely contradict basic tenets of LQG. These
tenets are well founded and lead, via a systematic analytic
procedure, to an ab initio computation of the quantum-
corrected black hole entropy fully consistent with the
generalized second law [19-27]. To reiterate, the hypo-
thetical nature of the bound may invoke questions about the
reliability of predictions made from using it. However, the
very fact that LQG corrections endow the bound with
added precision should partly allay suspicions about its
applicability in principle. The final arbiter on the correct-
ness or otherwise of the quantum-improved bound is of
course observational data.

Our derivation of the bound on the area of the compact
remnant follows from concomitant application of the
generalized second law and the quantum-corrected entropy
bound. As such this will entail an estimate of the entropy of
the radiated gravitational waves. This estimate is made
based on the assumption that the detected gravitational
waves do not scatter substantively enroute to LIGO from
the merger source.

The lower bound on the cross-sectional area of the
remnant in any binary compact coalescence has an inter-
esting implication in case of BNS mergers, namely con-
straining neutron star equations of state (EOS). The
standard approach to this problem entails the measurement
of tidal deformations of the component neutron stars in
addition to their mass, so that every EOS then relates the
mass to the cross sectional size or radius of the neutron star.
By providing a minimal cross sectional area of the remnant
in terms of the areas of the components, our formulae
permits a direct use of every proposed EOS to relate the
component masses to their radii. Comparison of our
minimal remnant area with the observed remnant area in
a BNS merger could then probe the EOS employed. Data
on tidal deformations of the neutron star, which is always
nontrivial to garner from observations, is not needed in this
approach.

The paper is organized as follows: in the next section the
LQG analysis of the entropy of isolated horizons—as
nonstationary generalizations of black holes—is briefly
reviewed and the appearance of LQG corrections to the
Bekenstein-Hawking area law pointed out. This is followed
by a short recap of the holographic nature of LQG
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corrections which strengthen the entropy bound. We
present our first results on the minimal area of the merger
remnant of black hole coalescence in Sec. III, where the
generalized second law and the LQG corrected entropy
bound are used simultaneously. The fact that black hole
entropy caps the maximum possible entropy of compact
stars with areas equal to the horizon area of the black hole,
is then used to generalize to the situation where the binary
coalescence is not just of black holes but any pair of
compact objects, including exotic compact objects. This
leads to our main result for the minimal area of the merger
remnant in compact binary coalescence in general, irre-
spective of their astrophysical nature. This is followed by a
section (I'V) on the estimate of the entropy of gravitational
waves radiated by the binary inspiral on their way to
merger. The next section (Sec. V) uses data from LIGO-
VIRGO observations to probe the validity of our lower
bound on the the remnant cross sectional area. Binary black
hole (BBH) mergers and BNS mergers are taken as
illustrative examples where the theoretical minimum area
is cross-checked against the observed area of the remnant
wherever permitted by the data. In the particular case of
BNS merger, the existence of a minimal area of the remnant
black hole leads to possible upper bounds on the mass of
the coalescing neutron stars. This maximum mass, in its
turn, further constrains possible equations of state of
neutron stars. As already noted above, this method obviates
the necessity to measure tidal deformabilities of coalescing
neutron stars, to lead to the EOS. We end in Sec. VI with a
few concluding remarks. An Appendix presents a details of
the approach followed to determine the EOS constraints
and a table of most known EOSs with our computed results
for each EOS.

II. QUANTUM SPACETIME CORRECTIONS TO
BEKENSTEIN-HAWKING ENTROPY

These corrections have been computed within the LQG
formulation of quantum isolated horizons [16] as gener-
alization of event horizons. In this formulation, the classical
isolated horizon is treated as a null inner boundary defined
by boundary conditions consistent with the Einstein equa-
tion. A Hamiltonian formulation of general relativity with
such isolated horizons yields, when the local Lorentz
boosts are gauge fixed, a boundary symplectic structure
on the isolated horizon which coincides with that of an
SU(2) Chern-Simons theory, of the connection degrees of
freedom on the horizon. Now, in the LQG formulation of
bulk general relativity, the kinematical description on a
spatial slice is given in terms of a spin network [15] whose
edges are the holonomies of the SU(2) connection on the
slice, and intertwinners at the vertices are represented by
invariant SU(2) tensors. When the bulk spacetime has an
isolated horizon as an inner boundary, the edges of the bulk
carrying spin puncture the horizon, depositing their spin at
those punctures. So the Chern-Simons degrees of freedom

on the horizon interact with these bulk spins as SU(2) point
charges. The (kinematical) LQG description of the horizon
is then just this: an SU(2) Chern-Simons theory coupled to
pointlike SU(2) charges as sources. The Chern-Simons
coupling constant k = A/Ap;, where Ap is the Planck area.
Thus, large, macroscopic horizon areas correspond to weak
coupling of the Chern-Simons theory, permitting an exact
counting of the size of the Hilbert space of the theory in this
limit [17]. This is necessary for an ab initio computation of
the microcanonical entropy of the quantum isolated
horizon.

The dimensionality of the Hilbert space of the Chern-
Simons theory coupled to spins at punctures is itself related
to the number of conformal blocks of the conformally
invariant SU(2), Wess-Zumino-Witten model that exists on
a spatial foliation of the isolated horizon with punctures at
the location of the sources. For large k, this number can be
computed in terms of the spins [17] and gives the following
result for a spin configuration j, ...jp:

NG -je) = H

The total number of states is given by

,
N=> 1IN -ie)- )
P o=l j

Using the standard formula for Boltzmann entropy
S =log NV, in the limit of large k = A/Ap, the following
result is obtained for the microcanonical entropy of
quantum isolated horizons [19-27]

3
Spn = Spu — Elog Sen + O(Sgh) (3)

where, Sgy = A/4Ap is the semiclassical Bekenstein-
Hawking area law. The holographic nature of the result
depicted in (3) is quite apparent from the fact that the
entropy of the isolated horizon which generalizes the
event horizon of a four dimensional black hole, is even-
tually computed from the number of conformal blocks of
the two-dimensional conformal field theory “living” on the
two sphere obtained as a spatial foliation of the isolated
horizon.

III. HOLOGRAPHIC ENTROPY BOUND

A. Generalized second law

According to the generalized second law, if two black
holes bh1 and bh2, with horizon cross sectional areas A,
and A,, respectively, merge into a exotic compact object
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(ECO) with emission of gravitational waves (GW), the
entropies of these configurations must obey the inequality

Skco + Saw > Spni (A1) + Spin(Ay). (4)

The entropies of the two black holes obey the augmented
version of the Bekenstein-Hawking area law, with aug-
mentation due to corrections derived from quantum space-
time fluctuations.

B. Binary black hole coalescence

As already mentioned, the original Bekenstein entropy
bound was founded by analogy with the hoop conjecture.
Since addition of energy invariably increases the entropy
from a microcanonical standpoint for an isolated horizon,
the entropy of a compact star is bounded from above by the
entropy of a black hole whose horizon area coincides with
the area of the boundary of the compact star. In other words,
Skco < Spn(Ag), where Ag is the area of the boundary of
the exotic compact object. Since the entropy of a black hole
(isolated horizon) is now not just the Bekenstein-Hawking
area expression, but the full quantum-corrected entropy (3)
for large macroscopic areas, computed holographically as
explained earlier, we obtain the holographic Bekenstein
bound [29]

n
Skco < Spu(Ag) — Elog Sgu(Ag) +---, (5)

where, n is an integer; n = 3 for nonrotating quantum
isolated horizons. For rotating isolated horizons, there is
some debate as to what precisely the correct coefficient of
the logarithmic correction is, although there are arguments
to the effect that it should be the same as nonrotating case.
The inequality (5) turns the inequality (4) into

Spn(Ag) + Saw > Spm (A1) + Spn(Az). (6)

This can be alternatively expressed as, using the quantum-
corrected black hole entropy, as

exp(Al + A - SGW)

eXPA_E 2
_ , 7
(A1 Ay)"2 )

AEn/Z

where A = SBH (A) = A/4AP1,
Planck area.

The entropy bound (7), which holds for the compact
remnant in binary black hole mergers, regardless of its
actual astrophysical structure, can be solved to yield a
minimal cross sectional area of the compact merger
remnant, given the measured horizon areas of the two
inspiralling black holes and the entropy of the emitted
gravitational waves.

with Ap being the

C. Generalization to exotic compact objects

Does a bound like that in (6) generalize to the situation
where not only the postmerger remnant but the inspiralling
binary is also constituted by exotic compact objects which
are not necessarily black holes? We demonstrate that
the answer is in the affirmative. Let us suppose that the
inspiralling stars have entropies Sy and Sg,. If they merge
into a compact object as considered above, the generalized
second law and the holographic entropy bound together
then predict that

Spn(Ag) + Saw > Sg1 + Ska. (8)

On the other hand the holographic bound by itself asserts
that Sg; < Spu(Ag1), Sg2 < Spa(Ag), so that

Se1 + Se2 < Spn(Agr) + Spn(Ag2). )

The inequality (9) is a sufficient condition for the validity of
the bound [similar to (6)],

Spn(Ag) + Saw > Spn(Ag1) + Spn(Ag). (10)

It may be considered as a necessary condition as well, from
a physical standpoint, if one notices that its invalidation
would rule out binary black hole merger to a black hole.

We have argued therefore that the entropy bound (7)
holds, both for all possible compact binary mergers
including but not restricted to black holes, as also for all
possible compact postmerger remnants including but not
restricted to black holes. Thus, the bound is independent
of whether or not either the inspiralling binary system or
the postmerger remnant consist of black holes.

Since the gravitational wave entropy is a maximum for
the equilibrium thermodynamic situation, we shall replace
Sgw in (7) by its equilibrium value S5%,, so that the final
formula reads

exp(AEl + AEZ - S(E;\QV)
(ApiAp)"?

expAg
AEn/2

, (11)

Observe that the area lower bound (11) is of maximal
generality for compact binary inspiral coalescing into a
compact remnant. It is valid irrespective of whether these
are black holes, neutron stars, white dwarfs, or exotic
compact objects like gravastars or boson stars.

If Rg characterizes the average linear size of such an
object, and rgg its Schwarzschild radius, then one can
define a compactness ratio Cr = Ry/rgg. This ratio is
close to unity for a black hole, which is about O(10) for a
neutron star, O(10%) for a white dwarf, and so on. It then
follows that

Ap(Rg) = A(Cprsg) = CpAg(rsg) = CEME,  (12)
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where M, is the mass of the compact object, and the last
equality holds for very slowly spinning compact objects.
This enables us to reexpress the inequality (11) as a lower
bound for the cross sectional area of a compact remnant,
expressed in terms of the scaled areas (functions only of the
Schwarzschild radii) and compactness ratios of the inspir-
alling binary as well as the postmerger remnant,

eXP[CfsAE]
(CRAp)"?

exp[C%lAEl + C%ZZAEZ - Sé%]
(CVZEIAEIC%{ZAEZ)H/2

(13)

In case the binary inspiral and the remnant are all spinning
very slowly, a simplified inequality emerges

exp[CEME]

1 eXP[CélMél + C2E2M2E2 - Sé\QV]
(CeMg)"

(CeiM g CpaMpy)"

(14)

For the case of GW150914, the minimal area inequality is
given by the lhs of (14) and the rhs of (13), since the data
point to a rather slowly spinning postmerger remnant.
Another reason why this approximation may be applicable
is that in our considerations, the “merger black box” is not
at all relevant, since we deal with the coalescing binary
when the components are far apart, and the remnant after
stabilization long after the merger has taken place. There
are no other sources of strong gravity in either of these
situations to cause any appreciable tidal deformation
(which has the potential to render this approximation
invalid).

IV. ESTMATING GRAVITATIONAL
WAVE ENTROPY

To estimate the entropy of a gravitational wave signal
as observed for instance at aLIGO for GW150914 or
subsequent observations of binary compact mergers, we
follow the statistical method proposed by Ma [30]. In this
approach, the entropy of a dynamical system is determined
from the trajectory of motion, i.e., certain general properties
of the space of solution configurations of the system. This
solution space is divided into groups €2;, where 4 is a real
positive number. Each such group of the configuration
space has a volume I';. p, is defined as the probability of
occurrence of a trajectory belonging to the group A, given
by the fraction of the total time the system spends in this
group. Given a configuration belonging to the group, the
probability of finding a coincident configuration in the
group A is given by I';!. The coincidence probability of
occurrence of two identical configurations in the same
group is then given by the ratio p,/I";. The entropy is then
defined [30] by the average S = ), p, log(I";/p;,) over all
groups A.

To transcribe this to the case of gravitational waves, we
can label gravitational wave configuration groups by their
Fourier modes characterized by the frequency @. We shall

then define p(w) as the probability of occurrence of a
gravitational wave mode with frequency w. In terms of the
intensities of the gravitational wave signal, we can identify
p(w) with the ratio I(w)/Iy, where I(w) is the spectral
intensity of gravitational waves with frequency w, and /) is
the total integrated intensity. Let N,(@) be the total number
of gravitational wave modes with frequency @. One can
then adapt the definition of entropy given in Ref. [30] for
gravitational waves

o dw
SEQ :/ : do
GW » 20T

1

popiog| ] )

Since the spectral distribution is continuous, the tran-
scription of “coincident configurations” is not easy, as it
is in the discrete case. Instead, here we adopt the feature of
coherence to enable that aspect. Thus, we consider gravi-
tational wave mode pairs with the same frequency w, which
are coherent in the sense of wave optics. If N.(w) is the
number of such coherent gravitational wave mode pairs,
then the fraction N.(w)/N,(®) must be the probability that,
given a mode with the frequency w, there is another mode
with the same frequency that is coherent with it. We can
then identify I'™! (w) = N .(w)/N,(w), so that the gravita-
tional wave analog of the coincidence probability is the
quantity p(w)I'~! (@) = N.(w)/N,. The number N is pro-
portional to the total integrated intensity. Equation (15) can
then be rewritten

How do we estimate N.(w)? As for electromag-
netic fields, the entropy is maximized when the coherence
is a minimum [31]. This implies that equilibrium
ensues when N.(w) < N,(w) < Ny, ie., I'(w)/p(w) >
1 Yw € [w,w,]. An estimate of N, is the ratio of
the total energy radiated Egw to the energy Zw of a
graviton. If, as per the GW150914 datasheet, £ is taken
to be about 3 Myc? ~9 x 10 ergs, and @ ~ 150 Hz, then
Ny =~2.7 x 10”7, Since the entropy is maximized for the
maximally incoherent gravitational wave signal, we
can take N.(w)~1 V . With these approximations, an
approximate estimate of the gravitational wave entropy can
be derived. A more detailed numerical estimate, using
Fourier transforms of the GW150914 signal, changes the
result only marginally.

This estimate of the maximum entropy of gravitational
waves emitted during a compact binary coalescence is
admittedly heuristic in absence of a more rigorous
approach. One may argue that the gravitational wave
entropy actually vanishes classically, where a two-body
inspiral should lead to a monochromatic signal with
vanishing entropy. Likewise, quantum mechanically, where
the gravitational wave emitted corresponds to a coherent
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state peaked around the classical solution, it is a pure state
with vanishing entropy. However, this argument misses out
on the possible complexity involved during the merger
process of an inspiralling binary of compact stars, perhaps
even black holes. So long as the inspiralling compact stars
are sufficiently far apart long before merger, indeed all one
receives is a two-body monochromatic GW signal involv-
ing lower orders of a gravitational multipole expansion of
slowly moving gravitating sources. Such a signal will
indeed have a very low entropy. But that changes close
to merger, when the inspiralling sources move rapidly,
resulting in a violently dynamical spacetime with the
emitted gravitational waves exhibiting extra features
beyond the simplistic description in terms of either a
two-body signal or a coherent quantum state. It is well
known that in such a dynamical spacetime, particle creation
must occur [32] with uncertainties in the particle number in
the initial vacuum state. Thus, creation of gravitons is very
likely towards the end stage of merger, leading to entropy
production. This is where the waves are not benignly
coherent any more, and hence not a pure state quantum
mechanically, and detailed analyses, beyond our consid-
erations here, are warranted for a more precise computation
of the entropy carried by the emitted gravitational waves.
The major part of the GW entropy arises from this very
dynamical situation, from our standpoint. Since our interest
is in the lower bound on the remnant area, we have taken
the maximum possible entropy of the GW signal, treated as
a wave with minimal coherence.

V. RESULTS

In this section, we consider data from the observations of
compact binary mergers from the LIGO-VIRGO collabo-
ration, to demonstrate the scope and applicability of our
main theoretical contentions. The approach in this section
is more towards illustrative proofs of principle rather than
elaborate analyses of the merger data, much of which is
currently in the process of being garnered. The novelty in
our approach is that one does not need data on tidal
deformations of the coalescing neutron stars which is used
in standard approaches to constrain NS EOSs. Instead, our
lower bound on the remnant area is adequate to determine
the validity of specific EOSs.

A. Holographic area bound for binary
black hole mergers

The minimal area Ag, which saturates the bound (11),
can be computed in terms of the Lambert W function [33].
Numerical values of the W function can be used for illus-
trative visualization of the minimal area profile as a func-
tion of masses, for BBH mergers (where Cg; = Cgy = 1),
or binary neutron star mergers (BNS, Cp; = Cp, =5)toa
remnant black hole (Cr = 1), as exhibited in Figs. 1 and 2,
respectively. The estimate of the gravitational wave entropy

BBH
10?
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10! 10?
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FIG. 1. Minimal remnant area vs coalescing masses for BBH
merger.

is based on the LIGO GW150914 data sheet showing a
signal with a peak frequency of 150 Hz. This leads to an
estimated entropy of O(50) in units of the Boltzmann
constant.

Figures | and 2 show a similar increasing behavior of the
minimal remnant area as a function of the masses of the
components in the binary merger. Thus, these plots verify
our contention that irrespective of the astrophysical nature
of the coalescing compact binary or the compact remnant,
the minimal remnant area has a robust behavior as a
function of the merging masses. For BBH merger to a
black hole or even an ECO, accurate measurement of the
radius or cross-sectional area remains a huge observational
challenge, so at this stage of development, the plot in
Fig. 1 is a prediction for the future. If, for masses in the
given ranges, a BBH merger produces a remnant with a
smaller measured area than that predicted by the plot in
Fig. 1, then our estimated bound on minimal remnant area
would be clearly invalidated. In other words, a more
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FIG. 2. Minimal remnant area vs coalescing masses for BNS
merger.
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Equal Mass BNS with component masses=1.44M

lower bound on AE
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FIG. 3.

Compactness ratio Cg vs Cgq, Cps.

compact remnant has a greater likelihood of challenging
our bound.

For masses of the inspiral as well as the postcoalescence
remnant close to the LIGO-VIRGO O2 data for BNS
merger, one can plot the minimal value of the compactness
ratio Cg of the remnant, as a function of those of the binary
inspiral. This is shown in Fig. 3.

B. Using the holographic area bound to constrain
neutron star equations of state

One important application of the holographic lower
bound on compact binary merger remnants is the ability
to constrain neutron star equations of state, based solely on
the observed masses of the components and the remnant.
Unlike other constraints on neutron star EOS based on only
GW data (see for example [34]) our constraint is indepen-
dent of whether or not we can measure the individual tidal
deformabilities of the components and the remnant. To
compute this constraint, we can use the holographic bound
in two different ways.

First, given the masses of the BNS merger and an
EOS, we can compute the radii of the coalescing com-
ponents and the remnant and hence the corresponding cross
sectional areas, under the spherical symmetry assumption
(Ag; = 4nr*(m;), say, for simplicity. If the remnant area
thus obtained falls below the minimal remnant area
according to Eq. (11), then we would infer that the
particular EOS is untenable. Thus, the component and
remnant radii have been obtained using it from the mass,
expressed as r; = r;(m;), it must satisfy the inequality (all
masses and radii in the formulae are in Planckian units in
this subsection):

exp 477>

exp {477 + 4773 — Sgw }
(4ni) T2 '

{4n7 7, }"

(17)

We use the LIGO Arithmetic Library Simulations [35] to
compute the radii of merging neutron stars, given an EOS,

and construct a table exhibiting the radii of the components
and the remnant. This table may serve as a proof of
principle of our proposition: use the holographic bound
and measurement of compact binary merger component
and remnant masses to rule out EOSs. We choose our
fiducial component masses to be that of GW170817 [5]. A
detailed statistical analysis that rigorously converts mass
posteriors into lower-bound posteriors is beyond the scope
of of this paper wherein we wish to communicate just the
derivation of our holographic bound and a proof of
principle of its application in ruling out EOSs. Keeping
this in mind we do a simple-minded analysis using
GW170817 data (posterior samples of the component
masses) [36] to add uncertainties to our proof of principle
table. We simply compute the component radii and lower
bound remnant radius for every available posterior sample
of (my, m,) obtained from a parameter estimation run of
GW170817 [36], given a fiducial EOS. We then histogram
them and compute 90% confidence intervals by subtracting
0.05 and 0.95 quantiles. The results are plotted in Table I.
Observe that the table misses the column corresponding to
the measured radius of the remnant for any EOS. Had the
remnant mass of GW170817 been explicitly measurable,
the table would have sufficed to rule out EOSs that yield an
observed remnant radius lower than that predicted by our
lower bound by an amount larger than that covered by the
uncertainties of 7yem min ANd 7o measurea- While it is true that
GW data on 170817 is insufficient to verify the remnant’s
existence, let alone constrain its mass [5], there are neutron
star merger scenarios that predict a neutron star merger
remnant, even if short lived (see for example [37,38]).
Table I is illustrative of our approach and not exhaustive.
The parameters have been computed for the entire list of
neutron star EOSs, and are included in Table II in the
Appendix. A detailed statistical analysis of using our
method of ruling out EOSs comprise a future work
currently in preparation. However we provide a scheme
in the Appendix that serves as a brief summary of the
methods that can be employed to perform this aforemen-
tioned analysis.

TABLE 1. We compute lower bounds on the remnant radius
given the component radii. LIGO Arithmetic Library Simulations
Neutron Star Mass-Radius Functions are used to get the radii of
the components given their masses for each EOS. For details see
the Appendix especially Table II.

EOS Iy (km) %) (km) Min Trem (km)
ALF1 8.961042 8.2118 12.28%57°
AP3 12,1409 12.0770% 17.0910¢,
BSK20 11 .7223%%72 1 1.77%8;81 16.62f§;§5‘
FPS 755127 9.373 1 123653,
GNH3 14.34t§;317z 14.63:3;}1; 20.49:2;372
H5 13.03704 1328706 18.617435
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Another approach involves the masses and an EOS, from
which we can compute the dimensionless compactness rato
(Cg) of the components and the remnant. This can be
substituted into the inequality Eq. (13); the EOSs for which
(13) is not satisfied may be ruled out. For an EOS to satisfy
our constraint based on our holographic bound, where the
radius has been obtained using it from the mass, expressed
as r; = r;(m;), it must satisfy the inequality:

exp {CE M7}

eXp {Céli/[?x‘l + CzEzM%z — Sow}
(CeMg)"

[CEIMEICEIMEl]n

(18)

In case the merging binary components are slowly spin-
ning, the results of the two approaches overlap, giving a
lower bound on the remnant properties that is independent
of the measurement of tidal deformabilities of the remnants
and components. A measurement of the component masses
(which is extremely viable as per [5]) and the remnant mass
is enough to rule out EOSs based on Eqgs. (Al) and (A2).
Hence future detection of a BNS event with a remnant of
measurable mass remains a strong possibility. We conclude
that given such a possibility, our framework provides an
elegant method to constrain the EOS of matter in neutron
stars based on only mass measurements and theoretical
considerations.

VI. CONCLUDING REMARKS

The possibility of constraining neutron star EOSs on the
basis of the lower bound on the remnant area, without
reference to data on tidal deformations of the coalescing
components, is an interesting development in its own right.
While at this stage only a proof of principle could be
provided, future, more accurate observations on remnant
masses in BNS mergers may provide the opportunity for
detailed numerical analyses towards ruling out proposed
neutron star EOSs of neutron star matter.

One of the key issues is the significance of the
LQG quantum corrections incorporated into our formulas
Egs. (7)—(11). These corrections have become related to
measurable quantities through our illustrative plots and
tables. These corrections may not have a lot of significance
at the current precision of measurements in gravitational
wave interference experiments, but as observational accu-
racy increases with time, it is conceivable that their role can
be subject to measurement.

We have already remarked on the allegedly “heuristic”
nature of the Bekenstein entropy bound, quintessentially
used in this paper. In a later paper [39] following his
incipient 1974 proposal [28] of the entropy bound,
Bekenstein had proposed a universal bound on the entropy
of all bounded objects in flat spacetime, once again based
on thermodynamic considerations. In 2008, Casini [40] has
formulated the notion of relative entropy, whose positivity
has been shown to lead to a more rigorous derivation of the

bound in flat spacetime. A generalization of such ideas to
loop quantum gravity would be a key project for the future.
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APPENDIX: PROPOSED DATA ANALYSIS
SCHEME

In Secs. VA and V B, we have shown how the holo-
graphic bound can be used to constrain the EOS of extreme
nuclear matter solely from the measurement of the masses
of compact binary merger components and remnant from
their GW signals. Equation (17) suffices for this purpose
provided we know the aforementioned masses up to infinite
precision. However, we know that these masses, obtained
from parameter estimation based on GW signals can be
constrained only up to a certain degree of precision given
the noise present in LIGO-like detectors. In this section we
demonstrate how to compute the holographic bound for the
observed posterior distribution of component NS masses.

Given GW data d for an event, we can compute the
posterior distribution of the lower bound on the remnant’s
radius (7,) by using Bayesian analysis:

P(”Zb|;1, E)

:/P(Vlar2|d’E)P(”lb|r17Vz)d”ld”zy

:/P(ﬁ’rz

where f(ry,r,,Sgw)) is the solution to the equality of
Eq. (17) and p(ry, 7y d, E) is the posterior distribution of
the component radii given the GW data and the EOS. This
posterior can be evaluated from the posterior distribution of
the masses:

d,E)6(ry, — f(ry, ra. Sgw))dridry,

(A1)

d.E)

P(”l,rz

:/P(m17m2|d)l’(r17"2|m1,m2,E)dm1dm2,

= /p(ml, m2|(_§)5(m1 - m(rlv E)),

x 8(my — m(ry, E))dmydms, (A2)
where the posterior distribution of the masses p(m;, m2|:i)
comes from performing a parameter estimation on GW
data. An approximate way to compute p(r, r, d, E) would
be to do a kernel density estimation (KDE) on the posterior
samples of m; and m, obtained from GW posterior
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TABLE II. Computed minimal values of the remnant radius
corresponding to most known neutron star EOSs.

EOS R, R, Lower bound on R . nant
ALFI 8.9670%2  821% 12.28%3°
ALF2 10437276 13,17096 16.735,%
ALF3 9357072 837493 12,6272
ALF4 9.0173% 1166703, 14.724)43
AP1 9221015 954008 13.2450%
AP2 10.05105  103170% 14.41003
AP3 12.1390 12,07:001 17.0950%,
AP4 1143002 11.44700 16.160,
APR4-EPP 11297002 11.33*0, 16.0100;
BBB2 1117911 11.38700 15.9510
BGNIHI  13,03013 1322:00 18.561 {27
BPALI2 10327038 11.0670% 15.1310%
BSK19 9.1611%  10.87103%8 14.2410%2
BSK20 11,7200 1177509, 16.627 004
BSK21 12,6100 12.587001 17.81100,
ENG 1211700, 12,1799, 17.12550;
FPS 7.55421 937117, 12.36137,
GNH3 14347016 14637012 20497013
GS2 12647959 13221003 18.29103¢
H1 12,6674 13.417019 18.451)
H2 13.421024 13,8310 19.271)%
H3 13.86:012 1412700 19.7950%
H4 13.66:00 1368100, 19.33+002
H5 13.037016 13281002 18.6170%
H6 13117592, 13.4670Y7 18.791096
H7 12.63102°  13.08791, 18.1870%
MPA1 12,5209 12,4600 17.6620%,
MSIB 14.7170% 14,6270 20.74100
MSIB-PP 1456100 14.46+0% 20.53257
MSI-PP  14.947001 14891002 201500
MS1 15.08700  15.04100! 213508,
MS2 1231509 1246100, 17.520%
PAL6 10357937 1106202 15.151027
PCL2 10.697139 1245102 16.467 5
PS 15.34102 15677003 21.931043
QMC700 12147007 11.9410% 17.0329 04
SLY4 11717097 11.85700¢ 16.66- 301
SLY 11715997 11.8570% 1666109
sQM1 8257002 9.0870] 122218
SQM2 9.74+037 10.03*013 13.927951
SQM3 11.5330% 11.0902, 16.0259
WEFFI1 1041100 1041709, 14.72:400,
WFF2 11147002 11,1799 15.78109,
WFF3 10.8510%  11.0170% 15.46103
APR 11,3202 11,3709 16.04100;
BHF-BBB2 11.07:01] 11.297097 15811507
KDEOV 1131500 11515007 16.141005
KDEOVI 11522011 11737098 16.4403

(Table continued)

TABLE II. (Continued)

EOS R, R, Lower bound on R eipan
RS 12,84f§~§:78 12.99f§;§% 18.2732}(3%
SK255 13.04701 13247008 18.59% 07

SK272 13.231097 13.3870% 18.82004
SKA 12,8510 12967003 18.2570 06
SKB 12,1900, 12,1800 17.23500¢
SKI2 1347007 13 54+003 19.05%005
SKI3 13.491005 13,5809 19.15500¢
SKI4 12.341002 12 37400 17.475008
SKIS 14.07097 1414209 1991042
SKI6 12451002 1249700 17.641004
SKMP 12.421006 12.55%003 17.6610 05
SKOP 12.017012 12.2470%8 17.1550?
SLY2 11717007 11 g4+004 16.6520%;
SLY230A  11.7870% 1186709 16.721 00
SLY9 12417005 12,5400 17.62:00¢
HQCI18 1146700 11.537003 16.26100,

estimation (PE) and evaluating that posterior probability at
my(ry, E) and m,(r,, E). Then that posterior can be used to
compute p(ry, d, E).

Now, fora BNS eventin which the existence of aremnant is
confirmed and its mass measured, we can construct a
posterior of the remnant radius in a similar fashion:

d,E)

p(rrem

= / p(mrem|2)5(mrem - m(rrem7 E))dm,rem' (A3)

EOSsforwhichthereis no supportbetween the two posteriors

p(ry d, E) and p(rem d, E) can thus be ruled out.
However, this process is numerically challenging since
there is no analytical expression for f(ry, 7, Sgw) which
makes the delta function integration of Eq. (2) difficult.
These intricacies are beyond the scope of this paper
wherein we wish to communicate just the derivation of
our holographic bound and a proof of principle of its
application in ruling out EOSs. Keeping this in mind we do
a straightforward analysis using GW 170817 data (posterior
samples of the component masses) [41] to add uncertainties
to our proof of principle table. We simply compute the
lower bound for every available posterior sample of
(my, m,) obtained from a PE run of GW170817. We then
histogram them and compute 90% confidence intervals on
our lower bound by subtracting 0.05 and 0.95 quantiles.
The results are tabulated in the adjoining Table II for the
known equations of state for neutron matter. A detailed
statistical analysis of using our method of ruling out EOSs
comprise a future work currently in preparation.
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